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Neutrino oscillations physics entered in the precision era. In this con-
text accelerator-based neutrino experiments need a reduction of system-
atic errors to the level of a few percent. Today one of the most important
sources of systematic errors are the neutrino-nucleus cross sections. The
status of our knowledge of these cross sections in the different open chan-
nels in the few-GeV region, i.e. the quasielastic, the pion production and
the multinucleon emission, is reviewed. Special emphasis is devoted to the
multinucleon emission channel, which attracted a lot of attention in the
last few years. It is crucial to properly reconstruct the neutrino energy
which enters the expression of the oscillation probability. This channel
was not included in the generators used for the analyses of the neutrino
cross sections and oscillations experiments.
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1 Introduction
Neutrino physics has undergone a spectacular development in the last decades, fol-
lowing the discovery of neutrino oscillations and nowadays is entered in the precision
era which needs a reduction of systematic errors to the level of a few percent. The ex-
periments measure the rate of neutrino interactions, which is the convolution of three
factors: the neutrino flux, the interaction cross section and the detector efficiency.
The detectors of the modern accelerator-based neutrino oscillation experiments are
composed of complex nuclei (12C, 16O, 40Ar, 56Fe...). In the hundreds-MeV to few-
GeV energy region, the neutrino-nucleus cross sections are known with a precision
not exceeding 20%, hence represent one of the most important sources of system-
atic uncertainties. The status of our knowledge in the different open channels in the
few-GeV region, i.e. the quasielastic, the pion production and the multinucleon emis-
sion, is here briefly reviewed, devoting special emphasis to the multinucleon emission
channel. For a more detailed discussion see for example Ref. [1].
2 CCQE, CCQE-like and CC0pi
In the discussion of the charged current quasielastic (CCQE) cross section, the Mini-
BooNE measurement [2], obtained using a high-statistics sample of νµ events on
12C,
plays a central role. In this work (as well as in other experiments involving Cherenkov
detectors) the quasielastic cross section is defined as the one for processes in which
only a muon is detected in the final state, but no pions. However it is possible that
in the neutrino interaction, a pion produced via the excitation of the ∆ resonance
escapes detection, for instance because it is reabsorbed in the nucleus. In this case
it imitates a quasielastic process. The MiniBooNE analysis corrected for this possi-
bility. After applying this correction, the quasielastic cross section thus defined still
displayed an anomaly. The comparison of these results with a prediction based on
the relativistic Fermi gas model using in the axial form factor the standard value of
the axial cut-off mass MA = 1.03 GeV/c
2, consistent with the one extracted from
bubble chamber experiments, reveals a substantial discrepancy. The introduction of
more realistic theoretical nuclear models, assuming the validity of the hypothesis that
the neutrino interacts with a single nucleon in the nucleus, does not alter this con-
clusion. A possible solution of this apparent puzzle was suggested in Ref. [3] where
the attention was drawn on the existence of additional mechanisms beyond the in-
teraction of the neutrino with a single nucleon in the nucleus, which are susceptible
to produce an increase of the quasielastic cross section. The absorption of the W
boson by a single nucleon, which is knocked out (the genuine quasielastic scattering),
leading to 1 particle - 1 hole (1p-1h) excitations, is only one possibility. In addition
one must consider coupling to nucleons belonging to correlated pairs (NN correla-
1
tions) and two-nucleon currents arising from meson exchange (MEC). This leads to
the excitation of two particle -two hole (2p-2h) states. 3p-3h excitations are also
possible. Together they are called np-nh (or multinucleon) excitations. The addition
of the np-nh excitations to the genuine quasielastic (1p-1h) contribution leads to an
agreement with the MiniBooNE data without any increase of the axial mass.
Processes in which only a final charged lepton is detected, hence including multi-
nucleon excitations, but pion absorption contribution is subtracted, today are usually
called quasielastic-like, or CCQE-like. Thus, what MiniBooNE published was not
CCQE data, but CCQE-like data. To avoid the confusion of the signal definition,
it is increasingly more popular to present the data in terms of the final state parti-
cles, such as “1 muon and 0 pion, with any number of protons”. This corresponds
to the CCQE-like data without the subtraction of any intrinsic backgrounds (except
detector related effects) and it is called CC0pi.
After the suggestion [3] of the inclusion of np-nh excitations mechanism as the
likely explanation of the MiniBooNE anomaly, the interest of the neutrino scattering
and oscillation communities on the multinucleon emission channel rapidly increased.
Indeed this channel was not included in the generators used for the analyses of the
neutrino cross sections and oscillations experiments.
Concerning the theoretical situation, nowadays several calculations agree on the
crucial role of the multinucleon emission in order to explain the MiniBooNE, T2K
and MINERvA cross sections. Nevertheless there are some differences on the results
obtained for this np-nh channel by the different theoretical approaches. An illustra-
tion of the amount of the differences between the results obtained by two theoretical
approaches, is given in Fig. 1, taken from Ref. [4], where the CC0pi flux-integrated
double-differential cross section on carbon performed by T2K using the off-axis near
detector ND280 is compared with the theoretical calculations of Martini et al. [3] and
Nieves et al. [5]. Flux-integrated differential cross sections in terms of the final state
topology of the reaction (as in this case CC0pi instead of CCQE or CCQE-like) are at
this moment the golden observables for the theory-experiment comparisons in neu-
trino scattering. As shown in Ref. [4] the two theoretical approaches give very similar
results for the genuine quasielastic calculated in RPA. The major differences are re-
lated to the np-nh channel. At the present level of experimental accuracy quantifying
the agreement between the T2K data and the two models is not evident; the uncer-
tainties are too large for any conclusive statement. For the moment, from Ref. [4]
one can only conclude that both models agree with the data, and the data seems to
suggest the presence of np-nh with respect to pure CCQE RPA predictions. This is
an important conclusion, since these results represent a successful test of the necessity
of the multinucleon emission channel in order to reproduce the data of an experiment
with another neutrino flux (but in the same neutrino energy domain) with respect
to the one of MiniBooNE. The detailed comparison with the MiniBooNE νµ [2] and
νµ [6] flux integrated CCQE-like double-differential cross sections was published in
2
Figure 1: Double-differential muon neutrino charged-current cross section on carbon
without pions in the final state (CC0pi) measured by T2K using the off-axis near
detector ND280 compared with the theoretical calculations of Martini et al. [3] and
Nieves et al. [5]. The figure is taken from Ref. [4].
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Refs. [7, 8, 9, 10]. A comparison with the T2K CC0pi and MiniBooNE CCQE-like
flux integrated double-differential cross sections has been recently performed also by
Megias et al. in Ref. [11]. Also in this case, a better agreement with data is obtained
by adding the 2p-2h MEC contributions to the genuine theoretical CCQE results
calculated in the SuSAv2 approach.
In the np-nh sector the microscopic calculations of Martini et al., Megias et al. and
Nieves et al. are based on the Fermi gas, which is the simplest independent particle
model. Even in this simple model an exact relativistic calculation is difficult for sev-
eral reasons. The first difficulty is that one needs to perform 7-dimensional integrals
for a huge number of 2p-2h response Feynman diagrams. Second, divergences in the
NN correlations sector and in the angular distribution of the ejected nucleons may ap-
pear and need to be regularized. Furthermore the neutrino cross section calculations
should be performed for all the kinematics compatible with the experimental neutrino
flux. For these reasons an exact relativistic calculation is very demanding with re-
spect to computing, and as a consequence different approximations are employed by
the different groups in order to reduce the dimension of the integrals, and to regularize
the divergences. The choice of subsets of diagrams and terms to be calculated also
presents important differences. For a detailed discussion we refer to Ref. [1]. Here
we just mention that one of the major difference between the results of Megias et al.
[12] and the results of Martini et al. and Nieves et al. related to the presence or not
of 2p-2h contributions in the axial sector and in the vector-axial interference term is
now disappeared with the new results of Refs. [13, 11]. The MEC contributions to
neutrino-nucleus cross sections in the three different microscopic approaches seem now
to be compatible among them. The major differences that still remain in the np-nh
sector, are related to the treatment of the NN correlations and NN correlations-MEC
interference terms. Beyond all the theoretical models mentioned above, other inter-
esting calculations discussing the 2p-2h excitations in connection with the neutrino
scattering recently appeared [14, 15, 16, 17, 18, 19]. For the moment no comparison
with neutrino flux-integrated differential cross sections are shown however the results
of these approaches, in particular the ab-initio one of Lovato et al. [14, 15, 18] can
offer important benchmarks for more phenomenological methods. Some examples are
discussed in Ref. [1].
The multinucleon excitations have a strong impact on the reconstruction of the
neutrino energy via the quasielastic kinematics-based method, as pointed out and
discussed in several papers [20, 21, 22, 23, 24, 25]. This is particularly important
for the determination of the neutrino oscillation parameters because data on neutrino
oscillation often involve reconstructed neutrino energies while the analyses imply the
real neutrino energy. Neutrino oscillation analyses which quantitatively take into
account the effect of the np-nh channel started to appear [26, 27]. A possible way
to reduce the systematic uncertainties due to the multinucleon emission channel in
the neutrino oscillation events by maintaining the QE-based energy reconstruction
4
method instead of the calorimetric one has been discussed by Mosel et al. in Ref. [28]
in connection with DUNE distributions. They suggest to consider “CC0pi1p” sample,
i.e. final state events with one charged lepton, 0 pions, and 1 proton, instead of
traditional “CC0pi” sample where the final state particles include one charged lepton
and 0 pions, and any number of protons. This more restrictive requirement allows
to obtain the true and reconstructed energy results quite close to each other. The
price to pay is that one loses a factor 3 in the number of events. Furmanski and
Sobczyk proposed to include full energy-momentum conservation on CC0pi1p sample
to improve the CCQE data sample and energy reconstruction [29]. In order to utilize
these ideas in real experiments, we need a careful evaluation of proton measurement
systematics.
Precise predictions and measurements of hadronic final states are clearly the next
step. The community is moving toward to this path. CCQE-like and CC0pi cross
sections of one-track (muon) and two-track (muon and proton) samples have been
published by T2K [30] and MINERvA [31]. Other measurements which clearly goes
in this direction are the one presented by MINERvA in Ref. [32] where the observed
hadronic energy is combined with muon kinematics allowing to give the results in
terms of a pair of variables which separate genuine QE and ∆ resonance events, like
in inclusive electron scattering experiments, and the one of ArgoNeuT on exclusive
νµ CC0pi events with 2 protons in the final state, the (µ
− + 2p) triple coincidence
topology [33], like in exclusive electron scattering experiments. From a theoretical
point of view only few, and very recent, microscopic calculations have been performed
focusing on hadronic information in connection with the neutrino-nucleus scattering.
We can essentially mention two studies, one of Ruiz Simo et al. [34] and one of
Van Cuyck et al. [19], related to the emission of nucleon pairs induced by MEC
and NN short range correlations, respectively. These theoretical calculations refer
to 12C. Since also other nuclear targets, such as 16O and 40Ar, are used in present
and future neutrino experiments, the mass dependence of multinucleon excitations,
strictly related to the range of the pairs interaction, require important investigations.
3 Pion production
The single pion production is the largest misidentified background for both νµ - disap-
pearance and νe - appearance experiments. However, data-theory agreement remains
very unsatisfactory. Nowadays there is no model which can describe MiniBooNE
[35, 36], MINERvA [37, 38] and T2K [39] data simultaneously. The complications of
pion data analyses lay not only on their primary production models, but also on the
fact that all hadronic processes have to be modeled correctly. Combination of data
from different channels and different experiments hope to entangle and constrain all
processes [1], however, such an approach has been started very recently.
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4 ν vs ν ; νµ vs νe
A precise and simultaneous knowledge of νµ, νµ, νe and νe cross sections is impor-
tant in connection to the oscillation experiments aiming at the determination of the
neutrino mass ordering and the search for CP violation in the lepton sector, such as
T2K, NOvA, Hyper-K and DUNE.
Concerning the neutrino vs antineutrino cross sections, it is well known that they
differ by the sign of the vector-axial interference term, the basic asymmetry which
follows from the weak interaction theory. This is the reason why the antineutrino cross
sections are smaller and they falls more rapidly with the lepton scattering angle and
with Q2 than the neutrino ones. The presence of the vector-axial interference term
introduces also an additional non-trivial asymmetry. Due to this term the various
nuclear responses weigh differently in the neutrino and antineutrino cross sections
[40, 41]. As a consequence the relative role of multinucleon contribution is different
for neutrinos and antineutrinos. Due to the different approximations performed by
different groups to study this channel, this relative role presents some differences
in the different approaches (for a detailed discussion see Ref. [1]) and represents a
potential obstacle in the interpretation of experiments aimed at the measurement of
the CP violation.
Turning to the νe cross sections, few published experimental data exist. This
is essentially due to the relatively small component of electron-neutrino fluxes with
respect to the muon-neutrino ones hence to small statistics. The published flux-
integrated differential cross sections are the inclusive ones of T2K [42] and the CCQE-
like of MINERvA [43]. The theoretical calculations of Refs. [44, 11, 45] have been
compared with the T2K results [42] and substantially agree with data. Once again
this agreement needs the presence of the np-nh excitations. The same conclusion
holds also for the νe CCQE-like MINERvA differential cross sections on hydrocarbon
[43], compared with the SuSAv2+MEC approach in Ref. [11].
νµ and νe differential cross sections have been compared in Ref. [44]. Due to the
different kinematic limits, the νe cross sections are in general expected to be larger
than the νµ ones. However for forward scattering angles this hierarchy is opposite.
This appears for the 1p-1h excitations (genuine QE and giant resonances) at low
neutrino energies. This behavior is related to a non-trivial dependence of momentum
transfer on lepton mass and scattering angle, and to a subtle interplay between lepton
kinematic factors and response functions. In the precision era of neutrino oscillation
physics the νe cross sections should be known with the same accuracy as the νµ ones.
Trying to deduce the νe cross sections from the experimental νµ ones can be considered
only as a first approximation in the study of the νe interactions.
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